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Abstract
By modelling the interaction of the tool and the soil, development
time and costs can be significantly reduced. Since the operation
of the rotating tool involves large forces and displacements,
traditional finite element methods cannot be applied. Instead, we
turned to a combined FEM/SPH simulation. Using the combined
FEM/SPH simulation, the horizontal force acting upon the
rotating tool as a function of time was determined at 1 km/h and
1.5 km/h forward speeds. By fitting a function to the results of
the simulation, the value of the average and maximum horizontal
forces was obtained. For setting up the geometry, first we created
the model of the soil surrounding the tool using the
DesignModeler module of the Ansys software
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1. Introduction
The soil tiller equipment investigated has a rotating tiller with
four knives, the knives having an arc (R=340 mm) and three pairs
of wings having decreasing widths towards the free end (55 mm,
45 mm and 35 mm). The placement of the wings is perpendicular
to the arc of the knives, and the knives bend back with regards to
the direction of the rotation. The edges of the knives and the
wings are sharpened to 50° to ease their penetration into the soil.
We created a geometrical model of the rotating tool (Figure 1)
using Solid Edge software and used Ansys 13 finite element
program for the numerical analysis. 
Figure 1. Geometrical model of the rotating tool
2. Material and method
For setting up the geometry, first we created the model of the
soil surrounding the tool using the DesignModeler module of
the Ansys software. The surface of the soil was set at 200 mm
from the axis of the tool, thus, given the size of the tiller, the
working depth was 220 mm. We created a 1100 mm long, 600
mm wide and 350 mm deep soil trough around the tool (Figure
2).
Figure 2.  The rotating tool and the soil trough
We did some simplification on the geometrical model to
improve the mesh, that is, we removed the screw holes and the
axle hole. 
During the modelling tetrahedral elements were used for the
mesh of the tool.
We considered the tiller a solid body and used Drucker-Prager
model (Bojtár, 1988) for the description of the mechanical
properties of the soil. The Drucker-Prager model is a modification
of the Mohr-Coulomb mechanical model. The D-P has a cone
shape in the principal stress field (Figure 3) and therefore this
shape does not introduce numerical problems on the plasticity
surface.
The basic data for the mechanical model (medium soil
compactness) come from measurements carried out at the
Geotechnical Department of the Faculty of Civil Engineering of
the Budapest University of Technology and Economics (Mouazen
- Neményi - Horváth, 1998), since no such investigation has been
conducted for forest soils.
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The operation of the rotating tool (simultaneous linear and
rotational motions) is a transient phenomenon, during which large
forces or displacements can occur. The finite element method
(FEM) is suitable only for small forces and displacements,
because for large displacements, the continuity of the finite
element mesh is broken and the simulation stucks. A traditional
FEM is practically incapable of modelling material
discontinuities, therefore we used a combined FEM-SPH
simulation for modelling the interaction between the soil and the
tool. The tool was built up from traditional finite elements and
the soil from SPH elements. SPH (Smooth Particle
Hydrodynamics), unlike FEM, is a completely mesh-independent
numerical method (Gingold - Monaghan, 1977; Monaghan, 1988;
Monaghan, 1992), originally applied for astronomical
calculations and later for modelling fluid mechanics. Recently, it
has been successfully used for modelling landslides (Bui H. H.
et. al., 2008).
SPH elements can be thought of as independent particles with
certain properties (e.g. mass, density etc.) whose position and
speed is known for any moment in time. They are not tied to a
node, they can experience any amount of displacement. A radius
is given for each particle, such that the algorithm considers every
other particle within a distance twice that radius a neighbour. The
physical properties of a particle are calculated from the properties
of its neighbours using a special weight function that we choose.
A great advantage of SPH simulations is that bodies can undergo
substantial deformations, splinter, mix up with each other, without
practically hindering the calculation.
We chose 14 mm for the size of the SPH elements. The number
of SPH elements in the calculation was 147885 and the elements
in the FEM mesh was 34446.
Constraints were used to stop the tool from sinking or slewing.
3. Results and conclusion
Running the simulation at 1 km/h and 1.5 km/h forward speed
and 58 RPM yielded a horizontal reaction force acting upon the
tool, shown on Figure 4. In spite of the noise, a sinusoid function
can be observed. The reason for this is that the part of the tool
immersed in the ground is changing continuously. 
Figure 4. Traction force as a function of time, at 1 km/h
forward speed
In order to determine the average and maximum tractive force,
we fitted a sinusoid function on the data points using the software
STATISTICA, and carried out a correlation analysis.
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Figure 3. Yield criterion for 3D stress state
(a) Mohr-Coulomb model; (b) Drucker-Prager model
Chart 1. Properties of the soil and the soil-tool interaction
where:
var2: horizontal reaction force [mN],
var1: time [ms].
b0, b1, b2, b3 are coefficients of the function with values shown
in chart 2.
By refining the data, the value of the correlation coefficient can
be improved (to R=0,89344) but the shape of the function remains
substantially the same.
The coefficients of the function lead to an average tractive force
of 560 N and maximal tractive force of 882 N at 1 km/h; and an
average tractive force of 636 N and maximal tractive force of 992
N at 1.5 km/h.
The fitted functions and the data points are shown on Figures
5 and 6.
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Chart 2. Coefficients of the function and its correlation coefficient
Figure 5. Fitted function at 1 km/h tractor speed
Figure 5. Fitted function at 1 km/h tractor speed
4. Summary
Earlier equipment, including cultivation tools, were designed by
relying on practical experience, largely without theoretical
investigation. The investigation and modelling of tools is
nowadays an important part of the development process of new
agricultural equipment. The precise mechanical sizing of a new
tool must be carried out through field tests and modern
mathematical-mechanical methods (finite element method). By
modelling the interaction of the tool and the soil, development
time and costs can be significantly reduced.
Since the operation of the rotating tool involves large forces
and displacements,  traditional finite element methods cannot be
applied. Instead, we turned to a combined FEM/SPH simulation.
Using the combined FEM/SPH simulation, the horizontal force
acting upon the rotating tool as a function of time was determined
at 1 km/h and 1.5 km/h forwad speeds. By fitting a function to
the results of the simulation, the value of the average and
maximum horizontal forces was obtained.
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